Magnesium and magnesium alloy were investigated for plastic work to heat conversion (b). Thermomechanical response was measured employing the shear-compression specimen geometry, a split-Hopkinson pressure bar, and an infra-red detector. b of both materials measured to be less than the common assumption of 0.9; however, heat conversion was observed to be greater for magnesium alloy. Thus, results suggest that alloying and grain size refinement not only improved yield strength but also affected the thermomechanical response. Due to low density and high specific strength, magnesium (Mg) and its alloys have received significant attention for structural applications including where materials are subjected to dynamic loading conditions. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] During plastic deformation, a fraction of the plastic work is stored in the material, whereas the rest is converted to heat. [11] [12] [13] [14] [15] [16] Determination of the fraction of the plastic work to heat conversion-the so-called Taylor-Quinney or b factor [12] -is crucial because of its important role in predicting the occurrence of thermoplastic instabilities of materials during plastic deformation. [14, 15, 17, 18] Under quasi-static loading conditions, plastic work to heat conversion may not cause any significant temperature rise in the deforming material because heat generated can dissipate at a rate faster than the rate of deformation (i.e., isothermal conditions prevail). In contrast, plastic deformation in the high-strain rate (dynamic, _ e ! 10 3 s À1 ) loading regime can be treated as essentially an adiabatic process, and thus the plastic work to heat conversion can result in a significant temperature rise within a deforming material. [14] [15] [16] [17] [18] [19] [20] Seminal work by Farren and Taylor [11] and Taylor and Quinney [12] showed that the b factor could be conveniently assumed to be constant, b = 0.9 during deformation. However, several experimental studies revealed that b is not a constant, and changes with the plastic strain and/or strain rate. [14] [15] [16] [21] [22] [23] [24] Also, it is of note that the value of b = 0.9 or higher is typically reached only at very large plastic strains (>0.5) in previous experimental studies. With the plastic strain to failure of the Mg being quite low, typically in the order of e~0.2, [8, 9] it is expected that the b factor could be considerably smaller than 0.9. However, there are no such studies that have investigated the b factor of Mg under the dynamic loading conditions. Mg alloys such as AZ31B (3 pct Zinc, 1 pct Aluminum, and other trace elements) processed using equal channel angular extrusion (ECAE) are known to exhibit an increase of both the yield strength and ductility in comparison to pure Mg, which is attributed to the grain size refinement. [8] Therefore, it is also of interest to understand the effects of the alloying and grain size refinement on the high-rate thermomechanical coupling in the Mg-based materials.
Magnesium and magnesium alloy were investigated for plastic work to heat conversion (b). Thermomechanical response was measured employing the shear-compression specimen geometry, a split-Hopkinson pressure bar, and an infra-red detector. b of both materials measured to be less than the common assumption of 0.9; however, heat conversion was observed to be greater for magnesium alloy. Thus, results suggest that alloying and grain size refinement not only improved yield strength but also affected the thermomechanical response. Due to low density and high specific strength, magnesium (Mg) and its alloys have received significant attention for structural applications including where materials are subjected to dynamic loading conditions. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] During plastic deformation, a fraction of the plastic work is stored in the material, whereas the rest is converted to heat. [11] [12] [13] [14] [15] [16] Determination of the fraction of the plastic work to heat conversion-the so-called Taylor-Quinney or b factor [12] -is crucial because of its important role in predicting the occurrence of thermoplastic instabilities of materials during plastic deformation. [14, 15, 17, 18] Under quasi-static loading conditions, plastic work to heat conversion may not cause any significant temperature rise in the deforming material because heat generated can dissipate at a rate faster than the rate of deformation (i.e., isothermal conditions prevail). In contrast, plastic deformation in the high-strain rate (dynamic, _ e ! 10 3 s À1 ) loading regime can be treated as essentially an adiabatic process, and thus the plastic work to heat conversion can result in a significant temperature rise within a deforming material. [14] [15] [16] [17] [18] [19] [20] Seminal work by Farren and Taylor [11] and Taylor and Quinney [12] showed that the b factor could be conveniently assumed to be constant, b = 0.9 during deformation. However, several experimental studies revealed that b is not a constant, and changes with the plastic strain and/or strain rate. [14] [15] [16] [21] [22] [23] [24] Also, it is of note that the value of b = 0.9 or higher is typically reached only at very large plastic strains (>0.5) in previous experimental studies. With the plastic strain to failure of the Mg being quite low, typically in the order of e~0.2, [8, 9] it is expected that the b factor could be considerably smaller than 0.9. However, there are no such studies that have investigated the b factor of Mg under the dynamic loading conditions. Mg alloys such as AZ31B (3 pct Zinc, 1 pct Aluminum, and other trace elements) processed using equal channel angular extrusion (ECAE) are known to exhibit an increase of both the yield strength and ductility in comparison to pure Mg, which is attributed to the grain size refinement. [8] Therefore, it is also of interest to understand the effects of the alloying and grain size refinement on the high-rate thermomechanical coupling in the Mg-based materials.
In the current work, Mg and AZ31B samples were received in the form of rectangular billets, previously subjected to ECAE using a 4B c processing route, where a billet is forced through a die with a 90 deg turn. As the billet passes through the turn, a significant level of shear is experienced by the material leading to a grain size refinement. Unique to the 4B c processing is that the billet of material is rotated by 90 deg about the extrusion direction (ED) after each pass for a total of 4 extrusions. To prevent failure of the material during processing, a constant back pressure is applied to the billet and an elevated extrusion temperature is maintained. Figure 1 Average grain sizes of the pure Mg along the ED, LD, and TD were measured to be 14.55 ± 1.32, 15.59 ± 1.56, and 13.76 ± 0.68 lm, respectively. However, for the AZ31B, the average grain sizes along ED, LD, and TD were found to be 3.78 ± 0.36, 3.73 ± 0.31, and 4.16 ± 0.15 lm, respectively. Article published online October 20, 2016 imaging system that was employed to measure the high-rate thermomechanical response of the pure Mg and AZ31B. [15, 25] For the SHPB setup, lengths of the striker, incident, and transmission bars were 203.2 mm, 1219.2 mm, and 914.4 mm, respectively, with a common diameter of 19.7 mm. Specimens were subjected to high-strain rate (~10 3 s À1 ) uniaxial compressive loading using the SHPB setup and the transient temperature rise was measured using the IR detector system in conjunction with the optical imaging setup (calibration procedure for the IR detector can be found in the Supporting Information). The quasi-static uniaxial stress-strain response was measured utilizing a standard servo-hydraulic testing machine. In the current work, two different specimen geometries were utilized for the quasi-static and dynamic compressive stress-strain measurements: (i) cylindrical specimen (CYS, diameter =5 mm, length/diameter =1) and (ii) shear compression specimen (SCS). [21, 25, 26] As shown schematically in Figure 1 (a), specimens were extracted along the ED, LD, and TD, and also loaded in compression along those directions. The CYS were utilized mainly to capture the quasi-static and dynamic stress-strain responses, whereas the SCS was employed for the high-rate thermomechanical response. It can be seen that the SCS geometry is a parallelepiped with two 45 deg slots on each side ( Figure S1 ). During compressive loading, material in the thin gage section experiences a three-dimensional stress state with a dominant shear component. [26] As a result, the SCS geometry is suitable for uniform deformation and ideal for the thermomechanical characterization because the imaged specimen surface remains on the same plane during deformation, removing issues associated with loss of focus during an experiment. For the SCS geometry, the equivalent strain ( e eq ), strain rate ( _ e eq ), and stress ( r eq ) can be derived from the measured load-displacements and known geometrical parameters as follows [23] :
where d is the prescribed displacement, h is gage height, P is the applied load, D is the width of the sample, and t is the gage thickness. Empirical constants (k 1 ,k 2 , and k 3 ) were obtained by fitting the quasi-static compression load-displacements data from the SCS to that from the CYS; an example fit is shown in Figure S2 . Figures 2(a through c) show the quasi-static (~10 À3 s À1 ) and high-strain rate (~10 3 s À1 ) uniaxial compressive stress-strain response of the Mg and AZ31B measured from the specimens of CYS geometry, whereas Figures 2(d through f) show the high-strain rate response of the Mg and AZ31B for the SCS geometry. Both Mg and AZ31B exhibit some orientation dependence of the compressive response. This can be attributed to the presence of the texture in the ECAE materials with respect to the principal loading directions (Figure 1) , which is known to result in a significant anisotropy of the flow stress, elongation to failure, and strain hardening behavior in Mg-based materials. [4, 8, 9] For a given orientation, Mg and AZ31B do not exhibit significant rate sensitivity (Figures 2(a through c) ). For example, yield strengths of the Mg for a given orientation are observed to be comparable over the entire range of strain rates, from 10 À3 s À1 to 10 3 s À1 . Similar behavior is also observed for AZ31B. However, for the Mg and along a given direction, ultimate failure strength and strain are observed to be greater at dynamic loading conditions in comparison to the quasi-static loading. [5] Interestingly, such differences are minimal for the AZ31B. For all the orientations, yield strength of the AZ31B under the dynamic loading conditions is observed to be consistently greater in comparison to that of the Mg. Similarly, ultimate failure strength values are also observed to be higher for the AZ31B in comparison to the Mg, except along the LD. Overall, the observations made from Figure 2 are consistent with the fact that the AZ31B material comparatively has a finer-grained microstructure than pure Mg, and thus a higher yield strength. Note that for any orientation, average grain size of the AZ31B is smaller almost by an order in comparison to that of the pure Mg (Figure 1 ). Considerable strain hardening is also observed for both the Mg and AZ31B as the flow stress in the plastic regime increases with strain. While the strain hardening behavior of both the materials is comparable along the ED and LD, the strain hardening is greatest along the TD. The sigmoidal shape of the true stress-true strain curves observed mostly for all the orientations (Figure 2) is typical of the textured Mg and its alloys under the extension twinning dominated deformation. [9] A recent review on the dynamic behavior of the Mg-based materials by Prasad et al. [8] also suggests that when the plastic deformation is dominated by the extension twinning, Mg and its alloys exhibit relatively rate-insensitive strengths in comparison to when the dislocation motion dominates the plastic deformation. Figure 2 further shows that for the AZ31B and along a given orientation, stress-strain responses for the CYS and SCS geometries are similar at comparable loading rates, validating the suitability of the use of the SCS geometry for high-rate thermomechanical measurements. Similar observations are also made for the pure Mg. Figure 3(a) shows the high-rate thermomechanical response of the pure Mg measured from the SCS (along LD) over the strain rate range of 1800 to 3700 s À1 , where the temperature rise is observed to increase with the plastic strain. Similar to the stress-strain response, temperature change also does not exhibit any ) and high-strain rate (~10 3 s
À1
) uniaxial compressive stress-strain response of the Mg and AZ31B measured from the specimens of CYS geometry, whereas (d through f) show the high-strain rate response of the Mg and AZ31B for the SCS geometry.
considerable rate-sensitivity except at 1800 s À1 where the temperature rise is observed to be small, <5 K (5°C). For all other strain rates, temperature change is observed to be comparable with the maximum temperature reaching about 10 K (10°C). AZ31B also exhibits similar thermomechanical response at comparable strain rates (Figures 3(b through d) ) but the temperature rise as high as 25 K (25°C) is measured. Therefore, it can be stated that the AZ31B exhibits significantly greater temperature rise in comparison to pure Mg within the comparable ranges of strain and strain rate. While the compressive response of the Mg and AZ31B shows some orientation dependence, such dependence is observed to be less obvious in the measured temperature rise. However, more data are necessary to establish a definitive trend of the orientation dependence of the thermomechanical response.
As mentioned earlier, part of the mechanical energy during plastic deformation is converted to heat, whereas the rest of the energy is stored in the material microstructure. [11] [12] [13] [14] [15] [16] Assuming that the adiabatic conditions prevail during the high-rate deformation and heat generation from the reversible thermoelastic effect is negligible, the ratio of the mechanical energy to heat conversion is expressed as [14, 20] 
where q is the density and c is the heat capacity of the material, DT is the global temperature rise during plastic deformation (measured in the current experiments), and R dW p is the total amount of plastic work (i.e., the integral of the plastic stress-strain curve). b int can also be considered as the efficiency of conversion of the mechanical to thermal energy, and is thus smaller than or equal to 1. Due to the dependence on both the strain and strain rate, b int is usually reported as a function of the strain for a given strain rate. Rittel et al. recently suggested that b int can be expressed simply as b avg that is estimated from the average slope of the temperature rise vs plastic work density provided they exhibit a linear relationship. [16] Thus, the strain dependence of the b factor is deliberately set aside and the average value is represented as a function of the strain rate for simplicity. Figure 4(a) shows an example plot of the temperature rise vs plastic work density for the AZ31B and the observed approximate linear relationship validates the usage of b avg . Figure 4(b) shows the b avg values of the Mg and AZ31B along different orientations as a function of the strain rate. Irrespective of the loading orientations, b avg values of the AZ31B are observed to be considerably greater (almost twice) in comparison to that of the pure Mg. Note that the measured b avg values for both the pure Mg and AZ31B are well below the commonly accepted value of b = 0.9; however, similar values at comparable strain rates have also been reported for other material systems. [14, 16, [21] [22] [23] [24] The thermomechanical measurements thus suggest that within the high-strain rate range investigated here, AZ31B stores lesser energy through cold work than pure Mg. Although Figure 4 (b) does not reveal a definitive trend for the strain rate dependence of the b avg within the range of strain rates explored here, perhaps more experimental measurements at further high rates are required to establish a definitive trend. However, previous studies have also shown the b factor to be rate insensitive e.g., aluminum (Al) that exhibits low rate sensitivity. [15] As shown in Figure 2 , both Mg and AZ31B do not exhibit any considerable rate-sensitivity within the investigated range of the high-strain rates.
The above experimental results suggest that alloying and grain size refinement in AZ31B not only improved the mechanical response relative to the pure Mg but probably also resulted in the observed difference of the efficiency of the conversion of mechanical energy to heat. Such variation of the thermomechanical response can also result in a marked difference of the thermal stability between the pure Mg and AZ31B under the high-strain rate loading conditions. While the observed difference of the b avg values of Mg and AZ31B is speculated to originate from the alloying and grain size effects, it is, however, extremely challenging to provide a straightforward explanation without a detailed microstructural investigation, which is beyond the scope of this study. It is known that during plastic deformation, both the dislocations and twinning mechanisms are activated in the Mg-based materials, and the occurrence of these mechanisms are influenced by the microstructure and loading rate. [8, 9] Also, between the twinning and dislocations, the former is a relatively more dissipative mechanism, and thus stores lesser amount of the energy of the cold work compared to the later. [13, 16, 27] Therefore, any variation of the extent of twinning during the high-rate plastic deformation between the Mg and AZ31B would also cause a difference of the plastic work to heat conversion. Another possibility is that alloying increases the number of barriers to dislocation motion and, therefore, dislocations would require additional thermal energy to move past the barriers. As a result, the stress state will be greater in the alloy, which would lead to a greater temperature rise in the alloy relative to pure metal.
In summary, this paper compares the high-strain rate thermomechanical response of the pure Mg and AZ31B, previously subjected to ECAE process. The measurements revealed that for both the materials, the ratio of the plastic work to heat conversion (the so-called Taylor-Quinney or b factor) is considerably smaller relative to the common assumption of b = 0.9. Moreover, the b values of the AZ31B are observed to be almost twice of that of the pure Mg. While the uniaxial compressive stress-strain responses of both the materials exhibit some orientation dependence with respect to the extrusion direction, no such dependence was measured for the thermomechanical response. Overall, the results suggest that alloying and grain size can have strong effects on the high-rate thermomechanical response of the Mg-based materials.
